The α7 nicotinic acetylcholine receptor (nAChR) is expressed in neuronal and non-neuronal cells and is involved in several physiopathological processes, and is thus an important drug target. We have designed and synthesized novel piperidine derivatives as α7 nAChR antagonists. Thus, we describe here a new series of 1-[2-(4-alkoxy-phenoxy-ethyl)]piperidines and 1-[2-(4-alkyloxy-phenoxy-ethyl)]-1-methylpiperidinium iodides (compounds 11a-11c and 12a-12c), and their actions on α7 nAChRs. The pharmacological activity of these compounds was studied in rat CA1 hippocampal interneurons by using the whole-cell voltage-clamp technique. Inhibition of the choline-induced current was less for 11a-11c than for the methylpiperidinium iodides 12a-12c and depended on the length of the aliphatic chain. Those compounds showing strong effects were studied further using molecular docking and molecular dynamics simulations. The strongest and non-voltage dependent antagonism was shown by 12a, which could establish cation-π interactions with the principal (+)-side and van der Waals interactions with the complementary (−)-side in the α7 nAChRs. Furthermore, compound 11a forms hydrogen bonds with residue Q115 of the complementary (−)-side through water molecules without forming cation-π interactions. Our findings have led to the establishment of a new family of antagonists that interact with the agonist binding cavity of the α7 nAChR, which represent a promising new class of compounds for the treatment of pathologies where these receptors need to be negatively modulated, including neuropsychiatric disorders as well as different types of cancer.
INTRODUCTION
Nicotinic acetylcholine receptors (nAChRs) are membrane proteins belonging to the superfamily of Cys-loop ligand-gated ion channels that include serotonin (5-HT 3 ), GABA A , GABA C , and glycine receptors (Lester et al., 2004; Dineley et al., 2015) . They are pentameric structures composed of four different subunits in muscle receptors (α1, β1, γ or ε, and δ), whereas the neuronal subtypes are assembled as homomeric or heteromeric receptors from diverse combinations of subunits (α2-α10 and β2-β4) conferring different physiological, pharmacological and biophysical properties (Gotti et al., 2009; Blum et al., 2010; Zoli et al., 2017) .
The agonist binding site, known as the "aromatic box, " is located at the interface between two α subunits [residues Y89, W143, Y185, Y192 of the principal (+)-side and W53 of the complementary (−)-side]; or between one α subunit [principal (+)-side] and one β subunit [complementary (−)-side, W53] (Olsen et al., 2014) . Heteromeric nAChRs with two α subunits exhibit two binding sites for the agonist, whereas homomeric receptors have five identical binding sites for the agonist (Albuquerque et al., 2009; Gotti et al., 2009) .
Of all nAChRs, the α7-subtype is one of the most abundant in the nervous system and is involved in several physiological roles, neuropsychiatry and neurodegenerative diseases (Romanelli et al., 2007; Gotti et al., 2009; Dineley et al., 2015) . For instance, increased ACh signaling in hippocampus increases depressionlike behavior. In addition, the α7 subunit of nAChR is highly expressed in this region. Thus, under increased ACh conditions, hippocampal α7 nAChRs may contribute to modulation of depression which can be reversed by the α7 nAChR antagonists (Mineur et al., 2017) . α7 nAChRs are also present on nonneuronal cells such as bronchial epithelium and keratinocytes (Egleton et al., 2008; Albuquerque et al., 2009; Gahring et al., 2017) . On the other hand, tobacco smoking seems to be the chief risk factor for lung, pancreatic, colon, gastric, and bladder cancers (Cooke and Bitterman, 2004; Wong et al., 2007; Egleton et al., 2008) , suggesting that nicotine contribute to their pathophysiology. In this regard, several studies have shown that α7 nAChRs are involved in nicotine-induced proliferation of normal human bronchial epithelial cells, as well as cell proliferation in small cell lung cancer and non-small cell lung cancer, in which α7 nAChR antagonists decreased these nicotine effects (Heeschen et al., 2002; Trombino et al., 2004; Dasgupta et al., 2006) . For these reasons, the α7 nAChR has been considered as potential pharmacological target, and in the last decades a variety of selective ligands have been synthesized; however, only few compounds are clinically used (Dunbar et al., 2011; Mazurov et al., 2011; Terry et al., 2015) . In this sense, the development of selective antagonists for α7 might be alternative for the treatment of several cancers (Dwoskin and Crooks, 2001; Egleton et al., 2008; Innocent et al., 2008; Peng et al., 2010) .
Recently, our group developed the selective antagonists for α7 nAChRs compounds 1 and 2 (Arias et al., 2013; Pérez et al., 2013; López et al., 2015 ; Figure 1 ).
There are two important criteria for generating α7 nAChR antagonists: (a) a center containing a nitrogen atom with a positive charge (cationic center), which can interact with the "aromatic box" of the nAChR. In this regard, the pyridinic nitrogen atom of nicotine (Figure 2, compound 3) , alkylated with long aliphatic chains (3-9 atoms of carbon), results in a potent and selective antagonist for nAChRs (Figure 2 , compounds 4 and 5) (Crooks et al., 1995; Wilkins et al., 2002) ; (b) and alkyl groups located at the "para" position of an aromatic ring, which are important for van der Waals interactions with the amino acid residues of the complementary (−)-side, relevant for the selectivity toward the α7 subtype (Crooks et al., 1995; Arias et al., 2013; Pérez et al., 2013) .
Additionally, a simple piperidine ring has been used for generating selective agonists for α7 nAChRs (Figure 2 , compounds 6 and 7) (Ghiron et al., 2010) . It is important to mention that the design, synthesis and chemically characterized of new piperidine derivatives (Figure 3, 11a-11c and 12a-12c ) was based on the binding cavity and our main goal was to evaluate a new chemical architecture as potential ligands for the α7 nAChR. Additionally, their pharmacological activity was tested in native hippocampal α7 nAChRs, and their interaction with the receptor was studied using molecular docking and molecular dynamics simulations. In summary, these compounds have a piperidine ring (N-methylated or not) and include an aromatic ring substituted at the "para" position with alkyl groups containing 6-8 carbon atoms, expected to enhance the selectivity for α7 nAChRs (Arias et al., 2013; López et al., 2015) .
MATERIALS AND METHODS

Chemical Synthesis
For the chemical synthesis of new piperidine derivatives, commercial reagents, and solvents were used (Sigma-Aldrich and MERCK), employing previously described synthetic methodologies (Roy et al., 1999; Peters et al., 2006; Pérez et al., 2012 Pérez et al., , 2013 Arias et al., 2013; Dang et al., 2016) .
Chemical Characterization
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded at 200 or 400 MHz and 50 or 100 MHz for 1 H and 13 C respectively, on Bruker ACP-200 or Bruker Avance 400 spectrometers. The results are detailed in the Supplemental Information. Chemical shifts are reported in δ values [parts per million (ppm)] relative to an internal standard of tetramethylsilane in deuterated chloroform (CDCl 3 ) or deuterated methanol (CD 3 OD), and coupling constants (J) are given in Hertz. Precoated silica gel 60 plates (Merck 60 F 254 0.2 mm) were used for thin-layer chromatography and silica gel 60 (0.015-0.040 mm) for column chromatography. Spots FIGURE 1 | Chemical structures of selective antagonists for α7 nAChRs (Arias et al., 2013; Pérez et al., 2013; López et al., 2015) .
Frontiers in Pharmacology | www.frontiersin.orgFIGURE 2 | Chemical structures of S-(−)-nicotine (3), N-n-alkylnicotinium analogs NONI (4) and NDNI (5) and piperidine derivatives (6) and (7) (Crooks et al., 1995; Roy et al., 1999; Wilkins et al., 2002) .
on thin-layer chromatograms were visualized by spraying with Dragendorff 's reagent or under ultraviolet light at 254 nm.
Electrophysiological Recordings
All experimental procedures were carried out in accordance with the National Institute of Health Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care Committee of the Universidad Nacional Autónoma de México, with an effort to minimize the number of animals used and their suffering. The experiments were performed as previously described (Vázquez-Gómez et al., 2014; López et al., 2015) . Briefly, brain slices were obtained from Sprague Dawley rats, 13-16 days after birth. Rats were deeply anesthetized with isoflurane and decapitated. Their brains were removed and placed into an ice cold (4 • C) solution containing (in mM): 250 sucrose, 2.5 KCl, 1.2 NaH 2 PO 4 , 5 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , 10 glucose, pH 7.4. Coronal slices of 350 µm thickness containing the hippocampal CA1 area were cut with a Vibratome Leica VT 1000 and submerged in artificial cerebrospinal fluid containing (in mM): 125 NaCl, 2.5 KCl, 1.23 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 10 glucose, pH 7.4. The slices were stabilized in this solution for 1 h before electrical recording. All solutions were continuously bubbled with 95% O 2 and 5% CO 2 at room temperature.
One slice was transferred into a chamber and superfused during the experiment with artificial cerebrospinal fluid at a rate of ∼2 mL/min. Whole-cell voltage-clamp recordings were performed with a PC-ONE Patch/Whole Cell Clamp (Dagan Corporation, Minneapolis, MN, United States), using a Digidata 1440A acquisition system driven with pClamp 10 (Molecular Devices, Silicon Valley, CA, United States). Patchclamp electrodes had a resistance of 3-7 M when filled with the internal solution (in mM): 140 K-gluconate, 10 HEPES, 2 MgCl 2 , 0.5 CaCl 2 , 10 EGTA and 2 MgATP (pH 7.4). Data were stored in a PC using a Digidata 1440A AD converter, at a sampling rate of 10 kHz. Interneurons were visualized using an infrared video-microscopy system (BX51WI, Olympus Instruments, Japan) endowed with an 80x water immersion objective. Recorded interneurons were located in the stratum radiatum hippocampal CA1 area, and were maintained at a potential of −70 or −20 mV.
The way to explore the effects of piperidine derivatives was previously described for other substances (Vázquez-Gómez et al., 2014; López et al., 2015) . Choline (Ch, 10 mM) puffs (2-5 psi, 500 ms) were applied on interneurons through a fine tip glass micropipette placed ∼10 µm from the recorded cell by using a pneumatic picopump (PV830, WPI, Sarasota, FL, United States).
Thus, repeated Ch-puffs were applied at 5 min intervals before, during and after the piperidine derivative was added to the bath solution for ∼10 min. In all the experiments, only one concentration of each compound was tested by cell, due to the long-lasting experiment (more than 1 h), and also just to avoid a carry-over effect. The Ch-induced current (I Ch ) amplitude was measured as a function of recording time. pClamp 10 software was used to measure I Ch in the absence or presence of the piperidine derivative. Origin 7 software (Microcal Software, Northhampton, MA, United States) was used to analyze and graph the results. Data are presented as mean ± standard error. Comparison of the two population means was performed by paired Student's t-test; p < 0.05 was considered statistically significant.
Computational Methods
Models of compounds 11a and 12a were built using Gaussian03 and partial charges were corrected with Electrostatic Potential methodology. Topology and parameters for the ligands was obtained with the ParamChem server, which used the CHARMM27 force field and database for organic compounds (Frisch et al., 2004; Vanommeslaeghe et al., 2010) .
Homology Modeling
To construct the extracellular domain of the rat α7 nAChR, the structure of the ACh binding protein (AChBP) from Aplysia californica at 2.3 Å resolution was used as a template for homology modeling (code 4DBM in the Protein Data Bank) (Grimster et al., 2012) .
The target protein and template were aligned with the Multalin server (Corpet, 1988) . Using the software MODELLER 9v12 (Šali and Blundell, 1993) , 100 runs were carried out with standard parameters and the outcomes were ranked on the basis of the internal scoring function of the software. The best model was chosen as the target model.
Molecular Docking
To study characteristics of the principal protein-ligand interactions, molecular docking of the α7 nAChRs was done using the AutoDock 4.0 software suite. In general terms, grid maps were calculated using the autogrid option and centered on the binding sites. The volumes chosen for the grid maps were made up of 60 × 60 × 60 points, with a grid-point spacing of 0.375 Å. For transmembrane domains, a grid covering the whole region was used instead. The autotors option of the software was used to define the rotating bonds in the ligand. In the Lamarckian genetic algorithm dockings, a number of individuals in a population of 1500, a maximum number of 2.5 × 10 6 energy evaluations, a maximum number of 27.000 generations, a mutation rate of 0.02, and a cross-over rate of 0.80 were employed. The docked compound complexes were built using the lowest docked-energy binding positions (Morris et al., 1998) .
Molecular Dynamics Simulations
Each protein-ligand complex was solvated with water model TIP3 and submitted to molecular dynamics simulations for 20 ns using an NPT ensemble. NAMD 2.6 software was used to perform dynamics simulations calculations. Periodic boundary conditions were applied to the system in the three coordinate directions. Pressure of one atmosphere and temperature of 310 K were maintained (Phillips et al., 2005) .
RESULTS
Chemical Synthesis
The piperidine derivatives, 1-[2-(4-alkyloxy-phenoxyethyl)]-1-methylpiperidinium iodides, were synthesized (see Figure 3) . A Williamson synthesis was initially used to react 4-hydroxybenzaldehyde (Figure 3, compound 8) with different alkyl bromides (1-bromohexane, 1-bromoheptane, and 1-bromooctane), in a basic medium (K 2 CO 3 ) under reflux (Arias et al., 2013) , to produce the corresponding alkyloxy benzaldehydes (9a-9c). 9a-9c were subsequently oxidized to their respective alkoxy phenols (10a-10c) by a Baeyer-Villiger reaction (Roy et al., 1999) , using H 2 O 2 (30%), H 3 BO 3 , THF, and H 2 SO 4 , stirring for 24 h at room temperature. Afterward, the alkoxy phenols were combined with 2-piperidineethanol, using a Mitsunobu reaction (Dang et al., 2016) , producing 1-[2-(4-alkyloxy-phenoxy-ethyl)]piperidine derivatives 11a-11c. These were dissolved in acetone and reacted with CH 3 I for 16 h (Pérez et al., 2012) , producing 1-[2-(4-alkyloxy-phenoxy-ethyl)]-1-methylpiperidinium iodides 12a-12c (quaternary ammonium salts) (Arias et al., 2013) . For more details see General procedures in the Supplemental Information.
All the synthesized compounds (Figure 3 , intermediate and final) were purified by column chromatography and their structures were confirmed by 1 H-NMR and 13 C-NMR analysis.
Electrophysiological Recordings
Several piperidine derivatives (Figure 3, 11a-11c, 12a-12c) were tested for their effects on ion currents elicited by choline (I Ch ; Alkondon et al., 1997) in interneurons from the stratum radiatum hippocampal CA1 area, that is, on endogenous rat α7 nAChRs (Liu et al., 2012) . As in previous reports, the electrical activity of native hippocampal α7 nAChRs was elicited by applying local puffs of 10 mM Ch, resulting in inward ion currents decaying even in the presence of the agonist, due to receptor desensitization; and these currents were inhibited with methyllycaconitine or α-bungarotoxin (Vázquez-Gómez et al., 2014; López et al., 2015) .
As an initial screen, 1-[2-(4-alkyloxy-phenoxy-ethyl)] piperidine (Figure 3, 11a-11c ) and 1-[2-(4-alkyloxy-phenoxyethyl)]-1-methylpiperidinium iodides (Figure 3, 12a-12c ) were tested at 10 and 50 µM. For each concentration, the extent of I Ch inhibition depended inversely on the length of the chain, with longer chains producing less I Ch inhibition. Furthermore, compounds 12a-12c inhibited the I Ch more strongly than the corresponding 11a-11c ( Figure 4A) . Moreover, 11a was the non-methylated compound exhibiting the highest inhibition; however, the inhibitory potency was minor than the methylated compounds. Thus, the sequence of inhibitory potency was: 12a > 12b > 12c > 11a. Compound 12a showed the most potent antagonistic effect on α7 nAChRs: at 10 µM this compound completely inhibited the I Ch ( Figure 4A ). For this reason, concentrations of 12a ranging from 0.2 to 10 µM were tested on I Ch . The inhibitory effect increased with increasing 12a concentration (Figure 4B ), attaining 50% near 5 µM ( Figure 4B) .
To explore and compare the effects of 11a and 12a, Ch-puffs were initially applied at 5-min intervals to obtain the control I Ch . In the case of 12a, the I Ch was inhibited immediately after application of 10 µM, and the Ch response continued to be completely inhibited after washing out the 12a (Figures 5A,C,  record a2) . The recovery was slow and still incomplete at ∼50 min (Figures 5A,C, record a3) . In the case of 11a, in contrast, 10 µM moderately inhibited I Ch (Figures 5B,C, record  b2 ) and then the recovery, which was also slow and incomplete, occurred sooner ( Figures 5B,C, record b3) .
At a 12a concentration near to that producing 50% inhibition (5 µM, see Figure 4B ), we explored the dependence of its effects on membrane potential, which might indicate if 12a interacts with a site located inside the ion channel or at some other site (Woodhull, 1973; García-Colunga and Miledi, 1996) . In this regard, the actions of 12a were tested by maintaining the membrane potential of hippocampal interneurons at two different values (−70 and −20 mV). The inhibition the I Ch was independent of membrane potential, with I Ch + 12a /I Ch ratios of 0.52 ± 0.02 and 0.53 ± 0.10 at −70 and −20 mV, respectively (Figure 6 ), suggesting that 12a interacts with α7 nAChRs at an external domain.
In Silico Results
Molecular Docking
As an aid to understanding the electrophysiological results, molecular docking studies were performed for both 11a and 12a. The crystal structure of the rat α7 nAChR is no yet available. For this reason, a homology model was generated based on the structure of the Aplysia californica AChBP (Figure 7) . It is important to mention that electrophysiological experiments were performed at pH ∼7.4. Under these conditions, the piperidine nitrogen of compound 11a is mainly protonated.
Thus, with docking studies resulted that the quaternary ammonium group of 12a forms cation-π interactions with the residues W147 (4.6 Å), Y91, Y187, Y191, and W58 of the principal (+)-side and the complementary (−)-side, respectively ( Figure 7A) . Additionally, the aliphatic chain of 12a, located at the "para" position of the aromatic ring, presents van der Waals interactions with residues L106, Q115, Y116, and L117 of the complementary (−)-side, while the aromatic ring generates a van der Waals interaction with F103 ( Figure 7A) , which seems to confer selectivity for the α7 nAChR (Huang et al., 2006) .
On the other hand, 11a might establish a hydrogen bond with S41 of the principal (+)-side and forms π-π interactions FIGURE 5 | Compounds 12a and 11a inhibited rat hippocampal α7 nAChRs. Ch-puffs were applied at 5-min intervals before, during, and after bath application of the corresponding compound to obtain the I Ch amplitude as a function of recording time. (A,B) Representative I Ch determinations from seven (12a) and three (11a) separate experiments. Ion currents were elicited by a 5-psi, 500-ms puff of 10 mM Ch (line above the record a1). The horizontal bar calibration applies for all records. (C) The I Ch amplitude as a function of time, before, during, and after the application of 12a (filled circles) and 11a (open circles). The timing of the corresponding compound application is indicated by the thick black line.
with W147 of the complementary (−)-side; the aliphatic chain of 11a also forms van der Waals interactions with L106 and Q115 ( Figure 7B) . The calculated binding energies for derivatives 11a and 12a are considerably higher than that for Ch ( Table 1) , suggesting that these compounds interact strongly with the active site of α7 nAChRs, preventing Ch from binding to the receptor, in agreement with the electrophysiological results. In this regard, the stability of their complexes might explain the slow recovery of the ability of the channel to open in response to Ch.
Molecular Dynamics Simulations
Docking and molecular dynamic simulations are useful methodologies to obtain structural information of proteinligand complexes. Here, the dynamics of α7/11a and α7/12a complexes were simulated during 20 ns in order to obtain information about molecular features of the systems.
α7/12a complex
Molecular interactions from docking studies show that 12a interacts with amino acids Y91, Y187, Y194, W147 of the principal (+)-side and W58, F103, L106, Q115, Y116, and L117 of the complementary (−) chain of the α7 nAChR. In Figures 8A,B the α7/12a complex is displayed at 0 and 20 ns respectively, interacting with amino acid residues and water molecules. During the simulation the system was stable [root-mean-square deviation (RMSD) ∼3 Å, see Supplementary Figure 14] and the aromatic cage, characteristic of nAChRs, was conserved ( Figure 8C) . Main interactions were selected and represented in Figure 8 .
The distances from the quaternary nitrogen atom (N C ) of 12a to the center of the Y187, Y194, W147, Y91, and W58 were evaluated ( Figure 8D) . The N C -Y187 distance (orange) shows a fluctuation associated with an interaction with a water molecule. In the case of W147 (purple) a cation-π interaction was conserved throughout almost the total simulation time. However, between 3 and 5 ns the N C -W147 distance increased because of a reorganization of some amino acid side chains into the cavity. After 5 ns the original distance was recovered and maintained during the remaining simulation. It is important to mention that W147 is a crucial residue for the affinity of α7 nAChR ligands. Here, the distance remains at around 4.7 Å which is in accordance with Celie et al. (2004) .
α7/11a complex
The N-protonated ligand 11a was also evaluated by molecular simulation in complex with α7 nAChRs. This molecule forms cation-π interactions with W58 in the receptor cavity from the beginning of the simulation. In addition, during the whole dynamics simulation the aliphatic chain of 11a participates in van der Waals interactions with Q115 and L106 that help to stabilize the ligand in the cavity (Figure 9A) .
A short hydrogen bond (1.9 Å) between the Y187 (Schiøtt et al., 1998 ) and the -NH of 11a was observed at 10 ns due to the entry of a water molecule into the binding cavity. Consequently, the interaction with Y187 was broken and the cavity was solvated. Thus, W147, Y187, and Y194 from the principal (+)-chain and Q115 from the complementary (−)-chain generate a network of hydrogen bonds which persists during all the simulation ( Figure 9B) . Therefore, based on the cavity solvation at 10 ns the distance between the aromatic ring of Y194, Y91 and the nitrogen of 11a increase by more than 5 Å ( Figure 9D ) but no effect was observed on the amino acids W147, W58, and Y187 ( Figure 9C ).
Role of water molecules
Our atomistic simulations of 11a and 12a interacting with α7 nAChRs show an interesting difference in the main interactions inside the cavity associated with a solvation network. In this context, a potential role of water molecules could be related to the decrease of the antagonistic effect in the derivatives studied here. The 1-[2-(4-alkyloxy-phenoxy-ethyl)]-1-methylpiperidinium iodide derivatives (12a-12c) are potent antagonists of α7 nAChRs, governed by a cation-π interaction in the receptor's aromatic box. This result is consistent with the stabilization of the receptor in a non-active state. On the other hand, FIGURE 7 | Middle: extracellular domain of the α7 nAChR. The binding site for the ligand is shown in the black rectangle. Molecular docking at the α7 nAChR active site for 12a and 11a (A,B), respectively. Amino acid residues forming the principal (+)-side are colored in cyan, and those forming the complementary (−)-side are in blue according to the convention used for the X-ray crystal structure of Lymnaea stagnalis AChBP (Celie et al., 2004) . the 1-[2-(4-alkyloxy-phenoxy-ethyl)]piperidine derivatives (11a-11c) have a hydrogen bond donator (-NH) which allows a hydrogen bond to form that interacts with Q115, W147 and Y194, generating as a consequence a more flexible cavity (Figures 10A,B) .
DISCUSSION
In the present work, chemical synthesis, pharmacological activity, molecular docking studies, and molecular dynamics simulations of a new series of 1-[2-(4-alkyloxy-phenoxy-ethyl)]piperidines FIGURE 10 | Histogram of hydrogen bonds during the molecular dynamics simulation for 12a (A) and 11a (B). In (B) the hydrogen bonds network is represented with dashed lines.
FIGURE 11 | Molecular structures of N-methylquinolidinium iodides 2 and quinuclidinium chloride 13 (Arias et al., 2013) .
(11a-11c) and 1-[2-(4-alkyloxy-phenoxy-ethyl)]-1-methylpiperidinium iodides (12a-12c) were performed to evaluate them as possible antagonists of α7 nAChRs (see Figure 3) .
Electrophysiological recordings of the I Ch in interneurons from the stratum radiatum hippocampal CA1 area indicated that compounds 12a-12c inhibited the I Ch more strongly than the corresponding 11a-11c, 12a showing the most potent antagonistic effect on α7 nAChRs. Furthermore, we found that alkyl carbon chains of five atoms led to weaker I Ch inhibition than compound 11a (Figure 4) . These results agree with previous reports, where compounds that present alkylated nitrogen incorporating an aromatic ring substituted in the "para" position with aliphatic chains containing six atoms of carbon are more potent antagonists for α7 nAChRs than those with nonalkylated nitrogen (compounds 2 and 13, respectively, Figure 11 ; Arias et al., 2013) .
The fact that interneurons from the stratum radiatum hippocampal CA1 area express α7-containing nAChRs including homomeric α7 and heteromeric α7β2 nAChRs (Wu et al., 2016) , it is very likely that the I Ch is the mixture of responses mediated by both subtypes of receptors. Thus, one possibility is that 12a inhibited both α7 and α7β2 nAChRs. In this regard, the compound 12a or some of its derivatives may be useful for the treatment of some diseases such as major depression and/or different types of cancer, in which α7 nAChRs antagonists reverted these conditions (Egleton et al., 2008; Mineur et al., 2017) .
The molecular docking studies and molecular dynamics simulations help to explain electrophysiological results. In this regard, 12a forms cation-π interactions with the aromatic cage of the α7 nAChR, important for ligand affinity to the α7 nAChR (Celie et al., 2004) . In addition, the aliphatic chain of 12a presents van der Waals interactions with F103, L106, Q115, Y116, and L117 of the complementary (−)-side. On the other hand, molecular dynamics studies showed that the N-methyl group of 12a and Y194 establish a van der Waals interaction. All these interactions were conserved during almost all the molecular dynamics simulation time (20 ns), preventing both conformational changes of the receptor and its activation, which may account for the slow recovery of the I Ch inhibition observed in electrophysiological assays (Figure 8 and Supplementary  Figure 15 ). The N-methyl group on the piperidinium segment confers a positive charge in the nitrogen atom (N C ), crucial for a cation-π interaction with the aromatic residues into the binding cavity (high electron density aromatic box; Zhong et al., 1998) . This is the same case of methylation on N C for the nicotine pyrrolidone ring and of carbamylcholine (Celie et al., 2004) .
To establish whether piperidine derivatives could interact with the heteromeric rat α9α10 nAChR, a docking study was performed for the compound 12a at the active site of this receptor [interface between α10(+) and α9(−); Yu et al., 2013; Azam et al., 2015] . For this purpose, we used the structure of the human α4β2 nAChR (Morales-Perez et al., 2016) . In this regard, these studies suggest that the quaternary ammonium group of 12a also generates cation-π interactions with the aromatic box (Y91, Y187, Y194, W147, and W58) of the α9α10 nAChR. Interestingly and in contrast with the α7 nAChR (see Supplementary Figure 16A ), the aliphatic chain and the aromatic ring of 12a do not generate van der Waals interactions with the residues of the complementary (−)-side chain of the α9α10 nAChR, due to the presence of D117, which generates a repulsive effect by its negative charge, causing the aliphatic chain and the aromatic ring to move away from this area. Furthermore, the aliphatic chain of 12a presents only weak van der Waals interactions with A130 and L131 (see Supplementary Figure 16B ).
These results indicate that the compound 12a could interact at the binding site of the α9α10 nAChR; however with less binding energy. This may be explained because the complementary (−)-side of the α9 subunit would be very different from the complementary (−)-side of the α7 subunit, which may be important for selectivity of 12a for the α7 nAChR (see Supplementary Figure 16C ).
Regarding the non-methylated compound 11a, the piperidine nitrogen of the compound is protonated at physiological pH, producing a hydrogen bond that forms a solvation network with the water molecules in the binding cavity of the α7 nAChR. As in the case of 12a, during the molecular dynamics simulations the aliphatic chain of 11a maintains van der Waals interactions with Q115, helping to stabilize the ligand in the cavity. Thus, the difference in the interaction of 12a and 11a with the α7 nAChR is the cation-π interactions and hydrogen bonds, respectively, may account for the diminution of the antagonist activity, and then less I Ch inhibition by 11a. For instance, ligands with groups forming hydrogen bonds that are able to generate a solvation network with the water molecules and bind with Q115 are selective agonists of the α7 nAChR (Huang et al., 2006) . Consequently, one possibility is that 11a may be, in addition to a slight antagonist, a partial agonist of the α7 nAChR. However, 10 µM 11a applied alone both in the bath solution or with pressure puffs had no measurable effect on the membrane ion current (data not shown, n = 3 for each condition), discarding an agonist action on α7 nAChR.
Inhibition of the I Ch by 12a, the most potent of these antagonists of α7 nAChRs, was independent of membrane potential. Moreover, the fact that complete inhibition of the I Ch by 12a occurred between 1 and 10 µM, resulting in a sharp slope of the concentration-response relation, may indicate a high degree of cooperativity. All these suggest several binding sites for 12a possibly located in an external domain of the receptor, similarly as the interactions of methyllycaconitine and imipramine at chick and human α7 nAChRs, respectively (Palma et al., 1996; Arias et al., 2018) . These results are consistent with the present molecular docking studies and molecular dynamics simulation. Other substances interact with nAChRs in multiple sites, exhibiting complex functional modulation of the receptor; this is the case of Zn 2+ , La 3+ , atropine, tacrine and the compound 2 (García-Colunga and Miledi, 1997; Zwart and Vijverberg, 1997; Moroni et al., 2008; López et al., 2015) . In the case of (α4) 3 (β2) 2 nAChRs, there are the three interacting sites for Zn 2+ (two for inhibition and one for potentiation) (García-Colunga and Miledi, 1997; Zwart and Vijverberg, 1997; Moroni et al., 2008) . Furthermore, compound 2 interacts with at least two sites in the ion channel/receptor complex: one for potentiating and another for inhibiting the α7 nAChRs (López et al., 2015) .
CONCLUSION
The main purpose of this study was the designing, synthesis, and chemical characterization of a new series of 1-[2-(4-alkoxy-phenoxy-ethyl)]piperidines and 1-[2-(4-alkyloxy-phenoxy-ethyl)]-1-methylpiperidinium iodides, as well as their biological and computational appraisal for evaluating them as potential ligands for the α7 nAChR. With the results presented here we propose that the mode of interaction of 12a is better than that of 11a for having antagonist effects on the α7 nAChR in a competitive fashion. In silico studies indicated that 12a generated cation-π and van der Waals interactions which were preserved throughout the simulation time. While 11a by presenting a hydrogen bridge-forming (NH) group, generated hydrogen bonds with water molecules within the cavity, preventing the formation of a cation-π interaction. Water molecules inside the receptor cavity would play an important role in decreasing antagonistic activity in non-methylated derivatives, due to the formation of hydrogen bonds, which would lead to a more flexible cavity. We hope that this study may lead to development of new compounds with antagonistic properties at α7 nAChRs that might be clinically useful for the treatment of pathologies associated with these receptors, including neuropsychiatric disorders and different types of cancer.
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